A modular thermodynamic simulation package called the Toolbox for the Modeling and Analysis of Thermodynamic Systems (T-MATS) has been developed for the creation of dynamic simulations. The T-MATS software is designed as a plug-in for Simulink ® and allows a developer to create system simulations of thermodynamic plants (such as gas turbines) and controllers in a single tool. Creation of such simulations can be accomplished by matching data from actual systems, or by matching data from steady state models and inserting appropriate dynamics, such as the rotor and actuator dynamics for an aircraft engine. This paper summarizes the process for creating T-MATS turbo-machinery simulations using data and input files obtained from a steady state model created in the Numerical Propulsion System Simulation (NPSS). The NPSS is a thermodynamic simulation environment that is commonly used for steady state gas turbine performance analysis. Completion of all the steps involved in the process results in a good match between T-MATS and NPSS at several steady state operating points. Additionally, the T-MATS model extended to run dynamically provides the possibility of simulating and evaluating closed loop responses.
Nomenclature

Ath
= throat area (in 2 ) Byp_Noz = bypass nozzle BPR = Branch Pressure Ratio C-MAPSS40k = Commercial Modular Aero-Propulsion System Simulation 40,000 lbf thrust C-MAPSS = Commercial Modular Aero-Propulsion System Simulation Core_Noz = core nozzle dP = change in pressure or delta pressure (psia) Eff = efficiency FAR = fuel to air ratio Fg = gross thrust HPC = high pressure compressor HPT = high pressure turbine ht = enthalpy LHV = lower heating value LPC = low pressure compressor LPT = low pressure turbine N = shaft speed (rpm) N1 = low pressure shaft speed (rpm) N2 = high pressure shaft speed (rpm) Nc = corrected shaft speed (rpm) NPSS = Numerical Propulsion System Simulation Pa = ambient pressure (psia) PI = proportional-integral PR = pressure ratio Pt = total pressure (psia) R-line = uniquely defined line on the compressor map s_Eff = map scale factor for efficiency coming from a map s_Nc = map scale factor for corrected shaft speed going to a map s_PR = map scale factor for pressure ratio coming from a map s_Wc = map scale factor for corrected flow coming from a map 
I. Introduction
n gas turbine control system design, a model is often used in place of hardware to simulate the system and verify controls requirements are met. This model can be obtained in many different ways. One such way is by developing the simulation utilizing the Numerical Propulsion System Simulation (NPSS), a widely used engineering modeling environment for the design and analysis of aircraft engines. 1 Using NPSS models can be a convenient approach because they are often created in the early stages of gas turbine development and they can be quite accurate, and are easily modifiable to incorporate additional turbine design information. 2 NPSS is a powerful gas turbine cycle modeling and analysis package; however, integrating NPSS models with control system models can be difficult because of the complexity of NPSS, which may not be compatible with the legacy codes and the simulation platform used in the development of the control. 3 Another approach is to use a model like C-MAPSS or C-MAPSS40k. Built in Simulink ® , C-MAPSS and C-MAPSS40k are generic commercial engine simulations with industry standard control architecture. 4, 5 Controls design using a pre-existing generic engine with a basic controller that requires no cross platform integration can drastically reduce simulation setup time and allow a controls designer to test many different ideas quickly. However, customization of the engine model from such a tool can be difficult.
To eliminate cross platform integration and allow for maximum flexibility, the Toolbox for the Modeling and Analysis of Thermodynamic Systems (T-MATS) can be used for gas turbine simulation development. 6, 7 Written as a plug-in for MATLAB/Simulink, T-MATS contains a library of generic engine component models, a numerical solver, and controller blocks designed to aid in the creation of thermodynamic models and control systems. While T-MATS can be used to create custom models from engine data, legacy model data may also be leveraged for simulation generation. For example, the C-MAPSS simulation was re-created in T-MATS and results compared favorably within an acceptable error tolerance. 8 This paper describes a process for developing nonlinear dynamic aircraft engine simulations with T-MATS using information from NPSS models. Specifically, a process for leveraging maps, constants, and steady state data from NPSS-developed models for the creation of MATLAB/Simulink simulations with T-MATS. This process is demonstrated on the JT9D, a publicly available NPSS model of a dual spool high-bypass turbofan engine. 9 This process can be summarized by describing how engine component models are generated in T-MATS from NPSS. For components like the fan, compressors, and turbines, performance maps are directly utilized from NPSS. I 2 American Institute of Aeronautics and Astronautics For components that are not explicitly defined, like the inlet, NPSS is run at a steady state point and then the inputs are perturbed to form a partial relation between the input and output flow variables. Nozzle performance is based on thermodynamic equations that determine static and total conditions at the throat and exit utilizing input parameters taken from NPSS data. For the burner, the fuel thermodynamic properties are included in the model, as in NPSS. The rotor dynamics are added to the T-MATS model using a representative rotational moment of inertia and the associated equations of motion, as the change in rotor speed is a function of torque differential between the turbine and compressor on a given rotor. Conservation of energy is ensured internally for each component, however mass is ensured by adding a solver that reconciles inter-component imbalances at every computation step. This paper will focus on the specifics of the process involved with NPSS, including extracting pertinent information necessary to develop the T-MATS model for the JT9D, and the model matching, which will be performed at takeoff and cruise to show match variation due to changes in operating point (certain fixed boundary conditions). Scale factors that adjust the performance of the compressor and turbine are determined by two methods: a data derived method that back calculates the scale factors from NPSS, and the T-MATS iDesign tool, which generates the scale factors based on an operating point, cruise in this paper.
The paper is organized as follows. Section II offers a background on creating turbo-machinery simulations in T-MATS. Section III gives an overview of the procedure steps involved in this model development process. Section IV presents how the T-MATS simulation components and system architecture were selected and modified to match the NPSS model data. All model testing and results are detailed in section V. Section VI describes how the simulation was converted from steady state to dynamic. Conclusions are discussed in section VII.
II. T-MATS background
The T-MATS software is a MATLAB plug-in that introduces additional blocks and tools to the Simulink environment. The turbo-machinery block set, located within T-MATS, provides access to parameterized gas turbine modeling components such as turbines, burners, compressors, and nozzles that may be used to create simulations. Turbo-machinery components are assumed to be 0-D, where the component-level dynamics are not modeled. Internal component calculations contain a combination of physics based and empirical models. Algebraic relations and component maps are used to generate component or system steady state solutions at specific operating points. For example, compressor efficiency (Eff), corrected mass flow (Wc), and pressure ratio (PR) are determined from the compressor map as functions of corrected shaft speed (Nc) and R-line, where R-line is an uniquely defined line on the compressor map. Turbine Eff and Wc are determined from the turbine map as functions of Nc and PR, with input cooling flow being added either at the input or output of the component. Empirical calculations for enthalpy and entropy are functions of temperature and pressure and are based on the assumption that all component mass flows consist of two compounds, air and Jet-A aircraft fuel. Physics based equations for turbo-machinery components in T-MATS are predominately used to calculate component energy and mass requirements, such as nozzle flow error.
As stated above, a T-MATS model ensures the conservation of energy and mass. Conservation of energy is ensured internally to each component with energy balance equations. Although T-MATS ensures conservation of mass internally for some components, conservation across the system must also be upheld by using one of the T-MATS numerical solvers. Generally, this is done by monitoring conservation errors, or dependents, then using a T-MATS solver to adjust floating model variables, or independents, to eliminate the errors. For example, the dependent variable for a T-MATS compressor component is mass flow error (the difference between input mass flow and an internally calculated mass flow), and the independent variable is R-line. A model will be considered converged once the solver has updated the independents so that all dependents are at or near zero.
While the T-MATS and NPSS environments are different, they operate in a very similar manner, in terms of simulating a given turbo-machinery design. Both are modular, use component maps and thermodynamic properties for calculations, and both require solving for system dependents by adjusting independents as discussed above. However, NPSS contains more flexibility in its temperature and pressure to enthalpy and entropy calculations, and allows for many different compound options. It should be noted that in this paper the JT9D engine was simulated in NPSS using air and Jet-A fuel, which are the same compounds as those used in T-MATS. Currently, work is being done to add alternate compound capability to T-MATS with the integration of the Cantera thermodynamic modeling package; however this is beyond the scope of this paper. 10
III. Process Overview
This process assumes that a particular engine architecture has already been simulated in NPSS and that the cycle analysis for this design has been completed. Once the T-MATS user decides on the NPSS engine architecture to simulate and the respective simulation components, the following process may be used to create a dynamic T-MATS model from steady state NPSS data and constants.
1. Converting maps and constants from NPSS into a useable format, while also modifying T-MATS components to be compatible with these maps and constants. In some cases it is necessary to perturb certain inputs to gain an understanding of how a component should be modeled.
Completing a component level model match by taking each portion of the NPSS model and recreating it
in T-MATS. 3. Combining the model components into a system model with constant independent variables at the operating point. 4. Creating a steady state model by integrating a solver into the system model. 5. Converting the steady state T-MATS model to a dynamic T-MATS model. In the final two steps of the process, several operating points at different power levels and flight conditions are selected for comparison purposes. These additional tests are used to ascertain the operating point dependence of the model match. It should be noted that for this paper a "good" matching was arbitrarily chosen to be anything under a 1% deviation between models. In the following section, this procedure is demonstrated using the JT9D NPSS model.
IV. T-MATS simulation creation
Because NPSS and T-MATS are both modular it was determined that the T-MATS model would use the same components as the NPSS model. Figure 1 shows a block diagram detailing placement of components and subsequent connections, which is derived directly from NPSS module station numbers, shown in Appendix A.
Figure 1. JT9D engine component setup.
As mentioned above, T-MATS and NPSS are both simulations that are developed around component maps. For example, both simulations define compressor maps that use R-lines and Nc to generate Eff, PR, and Wc. For this reason, component maps were copied as they were defined in NPSS and formatted to insure consistency in the variable names and table structures for use in T-MATS. These reformatted maps can be found in Appendix B.
Once the NPSS maps have been reformatted, it is necessary to integrate them with the T-MATS modeling structure using map scale factors. Map scale factors are multipliers that convert turbo-machinery map data to turbo-machinery performance data or vice versa and are typically used for shrinking or stretching a more generic model and/or converting Nc to a ratio value for map lookup. For this paper, map data are considered inputs or outputs of the component maps whereas performance (Perf) data are considered the actual values. For the creation of this T-MATS model, map scale factors were used to ensure a model match between NPSS and T-MATS. Shown in Table 1 , for the arbitrarily chosen sea level static condition, are the map scale factors generated for the JT9D and the equations used to calculate them. Generating scale factors by deriving them from NPSS data essentially reformats the NPSS scale factors to be useable in T-MATS. It should be noted that there are differences between the data 4 American Institute of Aeronautics and Astronautics derived map scale factors in Table 1 and the map scale factors located within the NPSS data, as shown in Appendix A. These differences reflect variations in implementation between how T-MATS and NPSS use maps and scale factors. In T-MATS, Nc is referenced to a standard day temperature (T_std), while in NPSS this is not the case. This variation is taken into account in T-MATS by adjusting the turbine map scale factor for Nc (s_Nc) to include a T_std value, as shown in Table 1 . It should be noted that the NPSS and T-MATS compressor components calculate Nc identically; therefore no additional multiplier was required for the compressor s_Nc definition.
Another implementation variation between the NPSS model and T-MATS has to do with the inclusion of bleed flow in the Wc component of a turbine map. For instance, in T-MATS there are three types of corrected flows used as input to the HPT turbine component: the HPT input mass flow, cooling flow to the input of the HPT, and cooling flow to the output of the HPT. In T-MATS, the summation of the HPT input mass flow and the cooling flow to the input of the HPT is compared to the internally calculated Wc to generate a mass flow error, which the solver utilizes to adjust the independent variables accordingly. In the NPSS data, this normalized flow error is based on component input Wc only. To resolve this variation, the T-MATS turbine block was modified to remove the HPT input cooling flow from the normalized flow error calculation. This adjustment moves the bookkeeping of the cooling flow from the turbine component to a component downstream, and must be done only because the T-MATS turbine map has cooling flow included in it and the NPSS turbine map does not.
As an alternative to using data to manually derive map scale factors for component maps, scale factors were also determined with the T-MATS tool iDesign. This tool is a time-saving feature that uses map scale factors and other key parameters to fit component maps to a design point automatically, effectively creating a model at a specific operating point. Map scale factors for the compressor and turbine may be generated by comparing the map values with performance values at a specified design point. Additionally, nozzle throat areas are generated by comparing nozzle mass flow at the design point with an internally calculated mass flow. The steady state design point selected for this study is detailed in Table 2 , which in this case was chosen to be the cruise condition because a gas turbine is typically designed for this condition. Each step of the model creation process details the T-MATS model generated using data derived map scale factors as described earlier in this section. However, iDesign is also utilized during the final steps of the matching process as described in section V.
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American Institute of Aeronautics and Astronautics Additional constants required for T-MATS simulation creation are detailed in Appendix C and were determined from the NPSS data output located in Appendix A. The T-MATS components used for modeling were selected based on NPSS engine architecture, as described above, with modeling accuracy similar to that of the NPSS model. For example, the inlet total temperature does not change appreciably in the NPSS model, therefore the T-MATS model does not consider it.
V. Model Matching
Once the NPSS engine simulation is converted to T-MATS, model matching tests were performed that compared NPSS data with T-MATS generated outputs. This testing was broken down into several groups consisting of component level testing, system level testing without a solver, and system level testing with a solver. Component level tests used NPSS station data to determine how each NPSS module compares with its equivalent T-MATS component. The system level test without a solver brings the model together and validates the T-MATS component connections. For the final matching, the solver is enabled to verify the model will converge at the correct operating points.
A. Component Level Testing
A component level matching test was designed for each major part of the T-MATS JT9D high-bypass turbofan engine model, as detailed in Figure 1 . Results from the component level testing using a takeoff operating point can be seen in Table 3 . Stations immediately after each major engine component were selected for comparison purposes. Component data were gathered for the following parameters; flow (W), total temperature (Tt), total pressure (Pt), and gross thrust (Fg). If a parameter was not calculated at a particular station, either by T-MATS or NPSS, it was neglected, e.g., total pressure by the nozzle. In each component, the matching difference between the NPSS model and the T-MATS model was below 0.3%. The largest absolute difference was in the pressure output of the low pressure compressor (LPC). Thrust difference was negligible for both the core bypass and core nozzles. Engine flow difference was below 0.1% in all cases. These low error values are considered to demonstrate a sufficient component level match.
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B. System Level Matching (without solver)
Once component models are developed, they are assembled appropriately based on the engine architecture, shown in Figure 1 , to build the engine plant model. Input flow characteristics and independents (e.g., R-line) are set to constants, taken from NPSS data and consistent with the takeoff operating point, for model match testing. These inputs consist of the values shown in Table 4 . Table 4 . T-MATS JT9D simulation inputs for system level testing without a solver. 
C. System Level Matching (with solver)
Once the plant model is verified to have a good match, a steady state simulation is created by adding the T-MATS solver and connecting the system independents and dependents. 6 In this example, the steady state independents are system input flow (W), Fan R-line, splitter bypass ratio, LPC R-line, HPC R-line, HPT PR, LPT PR, N1, and N2. The steady state dependents are normalized flow differences for the Fan, LPC, HPC, HPT, LPT, core nozzle, and bypass nozzle, along with high and low pressure shaft acceleration. During simulation, the solver will drive the dependents to zero by adjusting the independents, effectively moving the simulation towards a new operating point. This simulation was performed at takeoff conditions with altitude, Mach number, and temperature, set to 0 ft, 0, and 545.67 degR, respectively. Table 6 shows the results from the system level test after allowing the solver to converge with the scale factors developed from NPSS data as well as with scale factors created with iDesign. It can be seen that the matching differences from the model using NPSS-derived scale factors increase slightly from that of the system level test that contained constant independent variables. These differences occur due to the operating point moving on the map, caused by the manipulation of independents by the solver, to meet conservation of mass. Flow differences listed in this section take into account that each component input flow is matched with its component calculated flow with a difference less than 0.0001%. Although there was an increase in the difference between the models, all errors remain less than 1%, with the highest difference being the LPC pressure (Pt). The matching differences from the T-MATS model that utilized scale factors from the iDesign tool are generally greater in magnitude. This increase can be attributed to the iDesign scale factors being generated for a cruise operating point rather than the takeoff condition being shown below.
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D. Model Match Testing Summary
Up to this point, the majority of testing has been completed at the takeoff operating point with an engine model created by utilizing component maps and relationships developed from NPSS data or from the T-MATS iDesign tool. For comparison purposes, additional testing at a cruise operating point was also conducted. Flight conditions and fuel inputs for the takeoff and cruise operating points are listed in Table 7 . To gain a general understanding of the differences generated by these methods, the magnitudes of the difference values for all components were averaged and then tabulated. A comparison of average differences is shown in Table  8 . The lowest differences generated in this study were from the component level simulations. System level simulations completed with and without a solver and NPSS derived scale factors generated comparable average difference values. Running at cruise with iDesign-generated map scale factors, the average difference is roughly half the amount generated by the simulation using map scale factors derived from NPSS data. However, when scale factors generated by iDesign at cruise are used at the takeoff operating point the average difference roughly doubles. Although there is a large rise, the values are still quite low, with an average difference of less than 0.25%, which shows that calculating map scale factors by data derivation or by the T-MATS iDesign tool can lead to difference values of less than 1% at the operating points tested.
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VI. Dynamic conversion
Once the matching was satisfactory, the model was converted from steady state to dynamic for transient testing. This was accomplished by introducing integrators to calculate the shaft speeds from the shaft accelerations and setting up the solver discussed earlier to converge the system during each time step. 6 Spool moments of inertia were unavailable from the steady state NPSS model, so values were assumed based on engine class as detailed in Appendix C. T-MATS contains a library of control component blocks that can be combined to build a controller for the open-loop system. 6 In this example, the input fuel flow was connected to a simple proportional-integral (PI) controller based on fan speed. A sample run of the T-MATS dynamic simulation is shown in Figure 2 . At time 15s, the fan speed demand is reduced by 500 rpm. It can be observed that N1, N2, gross thrust, HPC exit temperature, and HPC exit pressure reduce as the fuel flow is reduced. Startup transients before 5 seconds are due to the system converging and then reaching a steady state value, and are typical with this type of simulation. Transient data for matching were unavailable and therefore, a direct dynamic model matching was not possible. It should be noted that the control system being utilized here is for demonstration purposes only; it was designed to adjust the fuel flow based on the fan speed error and does not take into account all of the operability and safety limits required in a realistic engine control design. 
VII. Conclusion
The T-MATS is a thermodynamic simulation system that allows developers to build custom thermodynamic system models within MATLAB/Simulink. The T-MATS Turbo-machinery modeling capability enables a user to create nonlinear steady state or dynamic gas turbine models. In creating a T-MATS simulation, the process described in this paper can be used to expedite the simulation development by leveraging NPSS data. As an example, a JT9D engine model, a publicly available dual-spool high bypass gas turbine, was created from a pre-existing steady state NPSS model. The process consisted of selecting components, determining maps and constants, and then performing component level testing. This was followed by system level testing without a solver, and finally performing system level testing with a solver. Demonstration of this process resulted in an acceptable level of matching error for all operating points tested. Once a reasonable match had been achieved, the steady state simulation was updated in a straightforward manner by inserting appropriate dynamics, as well as a simple PI fan speed controller. This approach demonstrates the capability of simulating and evaluating closed loop responses when starting with a steady state NPSS model and that the T-MATS package provides the ability to convert an industry standard NPSS simulation into the user-friendly Simulink environment for controls development. 
C. T-MATS parameters
